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Experiments with other sources which should permit
separation of e6ects due to internal and external
bremsstrahlung are being prepared.

The bremsstrahlung method of analyzing the longi-
tudinal polarization of P rays may prove of special
value for high-energy P rays, and might be applicable
to electrons from p-meson decay.

Dr. K. W. McVoy of this Laboratory gives a partial
theoretical interpretation of the effect reported here
in an accompanying Letter. Dr. R. E. Cutkosky of
the Carnegie Institute of Technology has kindly in-
formed us of calculations based on the two-component
neutrino theory which indicate that circular polariza-
tion should also exist for internal bremsstrahlung.
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'HE Bethe-Heitler bremsstrahlung cross section
has been re-derived for transitions from specific

initial to speciFic 6nal electron spin states, in order to
compare the calculated circular polarization with the
experimental results obtained by Goldhaber, Grodzins,
and Sunyar. ' Although the matrix elements are simple
to derive, the cross section for bremsstrahlung produced
in an arbitrary direction appears to be very compli-
cated, and only the cross section in the directly forward
direction is presented in detail here.
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Fio. 1. Circular polarization of the forward bremsstrahlung
from 2-Mev "spin-forward" electrons.

In Heitler's notation, ' the matrix element for the
pro'cess, after summing over intermediate states, is

(up*, (n e)(Z+H~ )u)M=-
q' 2(Epk —yp k)

(uo*, (Zo+H, ")( e)u)

2(Zk —p k)

with p'= pp
—k, p"=p+k, and q= pp —p —k; e is the

polarization vector of the photon. We shall choose the
s axis along the k direction throughout and write
e= (e,+ice„)jY2 for circularly-polarized light. The
state, 8=+1, corresponding to one positive unit of
angular momentum being carried in the propagation
direction, we shall call "right-circularly-polarized, "
and 8= —1 "left-circularly-polarized. " The recoil
energy of the nucleus will be neglected throughout.

The Dirac-matrix commutation rules permit us to
write

(uo*, (e.e) (&+&.)u)

(2)
= (up*, I 2(e yp) —k(e e)+8k(e e)ju),

(uo*, (&o+H;)(e e)u)
=(up*, L2(e p)+k(e e)+8k(e e)$u).

In order to evaluate the matrix elements between
specific spin states, we shall choose e's which simul-
taneously satisfy

(e y+Pm)u=Eu,

(e p)u=ePu,

which is possible since the operators commute. e=+1
de6nes the state in which the electron's spin is parallel
to its momentum; e= —1, the state in which it is anti-
parallel. We shall use ey for the 6nal electron spin state
and eo for the initial electron state. If we use the usual
"low-energy" representation for the Dirac matrices, the
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spinors are

u. (p) =2LPE(P+ep*)(E+~)j '
(E+~)( p+ p.)

x (E+ )p.
p( p+p.)

ep

(4)

Matrix elements which enter the problem can then be
written as

NA = (Ep+rN) (E+rN)+ «etppp,

&=p+(pp) +(«p—p+ pp ) (ofp+P*)

N C= etP (Eo+m)+ «Po(E+rN),
D= (1+8)(e p)(«Po+Pp )

+(1—~)( p)( P+P*)
N=4I ppoEEo(P+bp*)

x (ps+popo, ) (E+ttt) (Ep+m) g-:.

(6)

If we consider the special case of bremsstrahlung
emitted exactly parallel to the incoming electron's
momentum (which is representative for radiation from
relativistic electrons), then for ep ——+1 (i.e., "spin-
forward" electrons), the matrix element summed over
the two final electron spin states is

p' sin'8

4EEpk'q'(8)

((1+8)k(Ep+ pp+E pcos8)—
xI

(E pcos8)'—
(1+8)k'

(Ep—Pp) (E—P cos8)

EE0+rrt'+pop cos8)
(7)

(E—p cos8)'

where 8 is the angle between k and p. When summed
over both photon polarizations, this reduces to the
Bethe-Heitler expression. It is clear from this expression
that at k=0, the lower end of the bremsstrahlung
spectrum, the polarization disappears.

%hen integrated over 8, the outgoing electron's
direction, (7) yields a somewhat complicated
logarithmic function of pp, p, and k. If R and L are the
integrated cross sections for right and left circularly-
polarized radiation, the polarization (R L)/(R+L), —
for any incident electron energy, is zero at the lower
end of the bremsstrahlung spectrum and rises to its
maximum value at the upper end, k=80—m. This

( .o*(po),u.t(p))=AS; (u.o*(p ),( e)u. (p))=CD;
(u 0*(po),(~.e)u t(p)) =AD, (5)

where

maximum polarization is a simple function of Eo.

(Eo—po)(E0+trt) -'
= 1+

R+L .* '- (2Eo p o)(Eo m—)
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' 'T is clear that some of the heavy mesons and hyperons
- - which emerge when protons strike deuterium arise
from a process in which a pion produced in a primary
collision interacts with the second nucleon of the
deuterium nucleus to produce the so-called "strange"
particles. Up to the present time, the experimental
data' are not suKciently precise to measure the magni-
tude of the contribution of this two-step process.
However, since there are indications that the cross
section for strange-particle production in p pcollisions-
is appreciably smaller than that in p-d collisions at
Cosmotron energies, we have been encouraged to esti-
mate the magnitude of the contribution of this two-
step process.

where the second form is valid for relativistic incoming
electrons. The factor Ep—Pp

——Ep(1—ep/c) is the one
principally responsible for high polarization, and the
largest polarizations are found in bremsstrahlung from
relativistic electrons.

The full expression for (R L)/(—R+L) at all photon
energies will be given in a subsequent paper; in its
stead, we have evaluated it in Fig. 1 for the special
case of 2-Mev electrons, which corresponds roughly to
the experimental arrangement of Goldhaber, Grodzins,
and Sunyar. At this electron energy, the polarization
rises very rapidly with photon energy, to a maximum
of 97% at the upper end of the bremsstrahlung spec-
trum. Even at as low an energy as 200 kev, (8) gives
43% for the maximum polarization. Although we have
calculated the right-circular polarization from forward-
spin electrons, this is equal to the left-circular polari-
zation from backward-spin electrons.

Thanks are due to Dr. Goldhaber, Dr. Grodzins, and
Dr. Sunyar for suggesting the calculation and for
informing me of their experimental results before
publication. I also wish to express my appreciation to
Professor F. J. Dyson and to Dr. Adam Bincer for
many helpful discussions and suggestions.
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